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A s  p a r t  o f  a s t u d y  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  
r e d u c i n g  t h e  Apo l lo  gu idance  computer memory t o  h a l f  i t s  p r e s -  
e n t  s i z e ,  a s imple  open l o o p  LM d e s c e n t  scheme was p o s t u l a t e d  
and examined. The scheme i s  c o n s i d e r e d  minimal  i n  terms o f  
c a p a b i l i t y  and s a f e t y ;  i t  would r e q u i r e  much i n c r e a s e d  crew 
and RTCC p a r t i c i p a t i o n .  I t  has  u t i l i t y ,  however,  i n  p r o v i d i n g  
an example a g a i n s t  which t h e  r e l a t i v e  s u p e r i o r i t y  and memory 
c o s t  o f  a s i m p l i f i e d  e x p l i c i t  gu idance  c l o s e d  l o o p  sys tem 
c o u l d  b e  measured .  

A t r a , j e c t o r y  was desigr.ed t o  f o l l o w  t h e  scheme; 
f i n a l  approach  and l a n d i n g  c o n s t r a i n t s  cog ld  b e  m e t ,  c o n s i d -  
e r i n g  3a a l t i t u d e  e r r o r s  and r e a s o n a b l e  f l i g h t  p a t h  e r r o r s  a t  
H i  Gate. The AV c o s t  above t h e  c u r r e n t  budget  cou ld  be  a b o u t  
190 f t / s e c o n d ,  

Many f a c t o r s  which might  q u a l i f y  t he  r e s u l t s  were 
n o t  c o n s i d e r e d .  No e s t i m a t e  of t h e  computer word count  was 
made. 
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1 idTRODUCTIOiJ  

A s  p a r t  of t h e  s t u d y  to d e t e r m i n e  t h e  f e a s i b i l i t y  o f  
r e d u c i n g  t h e  A p o l l o  g u i d a n c e  con:puter inemory to h a l f  i t s  p r e s -  
e n t  s i z e  ( R e f e r e n c e  l), a s i m p l e  open  l o o p  LM crescent  s c h e x e  
was p o s t u l a t e d  a n d  e x a m i n e d .  T’he scheme  i s  c o n s i d e r e d  to b e  
1,i inimal i n  te rms  of  c a p a b i l i t y  and  s a f e t y ;  i t  would r e q u i r e  
much i a c r e a s e d  c rew and. 3‘i’CC p a r t i c i p a t i o n .  deca?rse  o f  t h e s e  
f a c t o r s ,  i t  may b e  f o u n d  w a n t i n g  on f u r t h e r  i n v e s t i g a t i o n .  It 
has u t i l i t y ,  however ,  i n  p r o v i d i n g  a n  example  a g z i n s t  w h i c h  t h e  
r e l a t i v e  s u p e r i o r i t y  o f  a s i m p l i f i e d  e x p l i c i t  g u i d a n c e  c l o s e d  
l o o p  s y s t e m  c a n  b e  m e a s u r e d .  

BASIC SCHEME 

Under t h e  s i m p l i f i e d  o p e n  l o o p  scheme,  t h e  LM i s  i n -  
s e r t e d  i n t o  t h e  Hohmann d e s c e n t  t r a n s f e r  o r b i t  by f i r i n g  t h e  
d e s c e n t  e n g i n e  t o  a p p l y  t h e  n e c e s s a r y  AV i n  a f i x e d  v e h i c l e  
a t t l t u d e .  The OV, a t t i t u d e ,  and  t i :ne o f  i g n i t i o n  a r e  computeu 
by the R T C C ,  based  on t h e  l u n a r  p a r k i n g  o r b i t  e l e m e n t s  and t h e  
p o s i t i o n  o f  t h e  l a n d i n g  s i t e .  

The i g n i t i o n  p o i n t  f o r  powered d e s c e n t  i s  a t  a f i x e d  
r a n g e  ( c e n t r a l  a n g l e )  f r o m  t h e  l a n d i n g  s i t e .  T h e r e  i s  a noci ina l  
i g n i t i o n  t i m e  b a s e d  on a p r e - t a r g e t e d  r e f e = . e n c e  t r a j e c t o r y .  The 
HTCC e v a l u a t e s  t h e  t r a n s f e r  o r b i t ,  based  on t r a c k i n g  a n d  i n s e r -  
t i o n  t e l e m e t r y ,  a n d  u p d a t e s  t h e  i g n i t i o n  t i R e  a n d  t h e  powered  
d e s c e n t  p a r a m e t e r s  based  on a real- t ime r e t a r g e t i n g ,  if n e c e s s a r y .  

The b r a k i n g  p h a s e  i s  a t  n e a r - f u l l  t h r o t t l e  t h r u s t  t o  
H i  Gate w i t h  c o n s t a n t  p i t c h  r a t e  f r o m  a n  i n i t i a l  p i t c h  a t t i t u d ? .  
Minor  ( + 3 I )  t h r o t t l e  c a p a b i l i t y  i s  r e q u i r e d  to a d j u s t  t h e  t h r u s t  
to t h e  n o m i n a l ,  i n  f a c e  of  t h r u s t  e r r o r s .  ( I n  t h e  c u r r e n t  de-  
s c e n t ,  t h e  e n g i n e  o p e r a t e s  o n l y  a t  f u l l  t h r o t t l e  or b e l o w  58); 
t h r u s t .  R e c e n t  i n v e s t i g a t i o n s  by MSC h a v e  e x p l o r e d  t h e  f e a s i b i 1 . -  
i t y  o f  a d j u s t i n g  t h e  t h r o t t l e  to e l i m i n a t e  t h e  e x p e c t e d  + 2 - i / 2 %  
t h r u s t  e r r o r . )  T h i s  t h r c ; t t l e  c a p a b i l - i t y  r e q u i r e s  a s i m p l e  r e g u -  
l a t o r  f u n c t i o n  i n  t h e  c o m p u t e r .  

i J e g l e c t i n g  f o r a  t h e  moment downrange a n d  c r o s s r a n g e  
e r r o r s ,  which  w i l l  b e  a d d r e s s e d  l a t e r ,  t h e  m a j o r  u n c e r t a i n t y  a t  



BELLCOMM, I N C .  - 2 -  

i g n i t i o n  i s  a l t i t u d e ,  which  p r o p a g a t e s  to a n  a l t i t u d e  e r r o r  a n d  
s e c o n d  o r d e r  f l i g h t  p a t h  e r r o r  a t  H i  Gate .  The c r i t e r i o n  f o r  
X i  Gate i s  a f i x e d  t o t a l  v e l c c i t y  m a g n i t u d e .  The c rew m0ni tor . s  
t h e  l a n d i n g  radar  o u t p u t  a n d  e s t i m a t e s  t h e  a l t i t u d e  a n d  f l i g h t  
p a t h  e r r o r s .  The a l t i t u d e  e r r o r  a t  H i  Gate i s  c u r r e n t l y  e s t i -  
mated t o  be  5 5 0 0  f e e t  (30) based on p r e v i o u s  MSC s t u d i e s  where  
l a n d i n g  radar  u p d a t e s  were s u p p r e s s e d .  For t h i s  s t u d y ,  t h e  
f l i g h t  p a t h  a n g l e  e r r>oi .  h a s  been  assuined to be  n o t  more t h a n  
+lo. - D u r i n g  t h e  l a s t  m i n u t e  o f  t h e  b r a k i n g  p h a s e ,  t h e  c o m p u t e r  
u s e s  a s i m p l e  a l g o r i t h m  t o  d e t e r m i n e  t i m e  to g o  to H i  Gate a n d  
t c  es t imate  t h e  a l t i t u d e  a n d  f l i g h t  p a t h  a n g l e  a t  H i  Gate, u s i n g  
i n e r t i a l  da t a  c o r r e c t e d  by  t h e  c r e w ' s  es t imate  of  t h e  d i f f e r e n c e  
b e t w e e n  i n e r t i a l  da t a  a n d  r a d a r  d a t a .  To e l i m i n a t e  smooth i r ig  
a n d  d a t a  h a n d l i n g  r e q u i r e m e n t s  i n  t h e  c o m p u t e r ,  a c t u a l  r a d a r  
d a t a  i s  n o t  u s e d .  

A t  H i  Gate t h e  computer  d e t e r m i n e s  and  commands t h e  
f i n a l  a p p r o a c h  p h a s e  p i t c h  a n g l e  a n d  t h r u s t  a c c e l e r a t i o n .  ?'he 
f i n a l  a p p r o a c h  p h a s e  h a s  a c o n s t a n t  f l i g h t  p a t h  a n g l e ,  w i t ] ,  con-  
s t a n t  p i t c h  a t t i t u d e ,  c o n s t a n t  t h r u s t  a c c e l e r a t i o n  a n d  e s s e n t i -  
a l l y  c o n s t a n t  l o o k  ; I n g l e .  F i g u r e  la sl-ifiws t h e  p r o f i l e  o f  t h e  
f i n a l  a p p r o a c h  p h a s e  s c h e m a t i c a l l y .  d e c a u s e  a l t i t u d e  e r r o r s  a r e  
n o t  e l i m i n a t e d  by radar  u p d a t e s ,  a l t i t u d e  e r r o r s  p r o p a g a t e  i n t o  
downrange e r r o r s  as shown, i n c r e a s i n g  t h e  l a n d i n g  e l l i p s e  down- 
r a n g e  d i m e n s i o n  f r o n  t h e  c u r r e n t l y  es t imated  downrange d i s p e r s i o n  
o f  2 5 , 0 0 0  f e e t  to 3 7 , 5 0 0  f e e t .  C r o s s r a n g e  e r r o r  i s  n o t  a f f e c t e d .  
The p h a s e  h a s  n o m i n a l  v a l u e s  of  t h e  c o n t r o l  c o n s t a n t s ,  p i t c h  
a n g l e  a n d  t h r u s t  a c c e l e r a t i o n ,  t o  g i v e  a l o o k  a n g l e  ( a n g l e  from 
t h e  n e g a t i v e  x body a x i s  to the l i n e  o f  s i g h t  t o  t h e  l a n d i n g  s i t e )  
o f  s a y  40 d e g r e e s  ( s i t e  15 d e g r e e s  a b o v e  t h e  window b o t t o m ) .  
The  e f f e c t  o f  e r r o r s  i n  a l t i t u d e  a n d  f l i g h t  p a t h  a n g l e  a t  h i  Gate 
i s  to modify  t h e  c o n t r o l  c o n s t a n t s .  The n o m i n a l  t r a j e c t o r y  i s  
c h o s e n  s o  t h a t ,  e v e n  w i t h  maximum e r r o r s ,  t h r u s t  r e m a i n s  l ess  
t h a n  rnaximum t h r o t t l e a b l e  t h m s t  a n d  l o o k  a r i g l e  i s  more t h a n  
25 d e g r e e s .  

Lo Gate i s  c h o s e n  t o  b e  a t  a l t i t u d e  500 f e e t ,  w i t h  
h o r i z o n t a l  a n d  v e r t i c a l  v e l o c i t i e s  w i t h i n  t h e  c rew r e q u i r e m e n t  
r a n g e .  The l a n d i n g  p h a s e  i s  f l o w n  m a n u a l l y .  

F I N A L  A P P R O A C H  P H A S E  D Y N A P I I C S  

U s i n g  a f l a t  mocn z p p r o x i m a t i o n ,  t h e  e q u a t i o n s  of 
m o t i o n  o f  t h e  LM i n  t h e  v e r t i c a l  p l a n e  a r e  
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where t h e  symbol s  a r e  as  i l l u s t r a t e d  i n  F i q u r e  lb. 

F o r  a c o n s t a n t  f l i q h t  p a t h ,  y = c c n s t a n t ,  y = 0 ,  
s o  E q u a t i o n  ( 2 )  ~ ? L C  i d s  

T - 3  0' c o s y  
M C O S  ( 8 - 7  
- -  

8-y i s  t h e  complement  o f  t h e  look a n g l e ,  s o  c o n s t a n t  e r;i;res 
c o n s t a n t  look a n g l e  and  t h r u s t  a c c e l e r a t i o n .  

S u b s t i t u t i n g  i n t o  (1)' 

9 = 5 ( -ccisy t a n ( e - y )  - s i n y ) .  

For c o n s t a n t  p i t c h  a n g l e  and  f l i g h t  p a t h  ane ; l e ,  $ i s  also 
c o n s t a n t .  D e n o t i n g  S as d i s t a n c e  a l o n g  t h e  f l i g h t  p a t h  acl.i 

h as a l t i t u d e ,  $ car. b e  w r i t t e n  a s  

t h e n  

g(-cosy t a n ( 8 - y )  - s i n y )  dh = VdV s i n y  

I n t e g r a t i n g  f rom h o ,  Vo ( H i  G a t e )  t o  h V ( L o  Gate) q i v ? s  D' D 

L 

( 3 )  

(4) 

S q u a t i o n s  ( 8 )  and  ( 3 )  y i e l d  t h e  c o n t r o l s  e and  T/M. g i v e n  t h e  
i n i t i a l  H i  G a t e  c o n d i t i c n s  ( V o ,  ho, y )  and t h e  d e s i r e d  Lo Gate 

c o n d i t i o n s  ( V D ,  h D ) .  For t h e  c o m p u t e r ,  t h e y  c a n  be w r i t t e n  as 

where  t h e  k ' s  a r e  f i x e d  c o m p u t e r  c o n s t a n t s .  
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'TRAJECTORY SIMULATIOh 

'The validity of the postulated scheme and its capa- 
bility to perfor:> a landing within certain mandatory constraints 
were tested by cor>?ucting two simulations. The constraints are: 

1. The line of sight to the landing site should be above 
the window bottom during the final aporoach phase. This m e m s  
that the look angle, 90 - ( 0  - y ) ,  should be greater than 25 
degrees approximately, as the bottoni of the window is 25 degrees 
from the negative T/M axis. 

2. The descent engine thrust shou.:d be less than 581; 
(6090 lbs.) during the final approach phase. This means that 
T/M should be less than 10.5 ft/sec2 approximately (assuming LM 
weight of 18,500 lbs. in the final appyoach phase). 

3. The Lo Gate conditions shoulG be within the range to 
allow for a switch to manual control for the landing phase. F o r  
a Lo Gate altitude of 500 feet, the vertical velocity should be 
less than 17 ftlsec., ana the horizontal velociry shouid be l e s s  
than 60 ft/sec. (Reference 2) 

F o r  the first simulation, the flight path angle (y) 
was chosen at -15 degrees, giving a Lo Gate velocity (V of 
65.5 ft/second (equal to 17/sin 15'). The nominal look angle 
was chosen to be 40 degrees ( e  - y = 50'). 
was chosen to be 9500 feet, similar to that in the current reference 
trajectory (Reference 3). Hi Gate velocity (Vo) was found, by 
inverting Equation 8, to be 577 ft/sec. Equations (8) and (3) 
were then used to determine the variation in look angle and thrust 
acceleration reauired for 3 a  off-nominal altitudes (+lo) at Iii 
Gate. The resuits showed that for an off-nominal descent in which 
the Hi Gate altitude was 3a low at 4000 feet, the resulting line 
of sight to the landing site in the final approach phase was be- 
low the window bottom (look angle <25 degrees) and the thrust 
acceleration required a thrust in excess of 6090 lbs. A 3CMASP 
(Bellcomm A p o l l o  Simulation Program) targeting run indicated that, 
for a 3a high altitude error at Hi Gate, the AV cost was abouL 
3 0 0  feet per second greater than that for a no-errGr trajectory. 

D 

Hi Gate altitude (ho) 

For the second trajectory, the Hi Gate altitude was 
increased to 12,500 feet (in'Guitively) to correct the off-nominal 
look angle and thrust acceleration excesses. At the same time 
the flight path angle was changed (intuitively) to -20 degrees 
to maintain a tolerable increase in AV cost for the 3a high alti- 
tude case. Lo Gate velocity was 46.8 ft/sec. ( =  17/sin 20'); 
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HI Gate v e l o c i t y  was 540 f t / s e c .  i\Tominal look a n g l e  was k e p t  
a t  4 0  d e g r e e s .  The  r e s u l t s  are  shown i n  F i g u r e  2 .  The look 
a n g l e  r e m a i n s  a b o v e  t h e  window b o t t o m  f o r  a l l  o f f - n o m i n a l  a l t i -  
t u d e s  and  f l i g h t  p a t h  a n g l e s .  The t h r u s t  a c c e l e r a t i o n  o n l y  
e x c e e d s  t h e  6 0 9 0  li-. t h r u s t  l e v e l  a t  t h e  l o w e s t  e x t r e m e  o f  t h e  
e x p e c t e d  a l t i t u d e  r a n g e .  ( I t  i s  p r o b a b l e  t h a t  i f  n e c e s s a r y  
t h i s  c o n s t r a i n t  c o u l d  b e  e a s e d  s l i g h t l y . )  The maximum AV p e n a l t y  
i s  295 f t / s e c .  above  t h e  n o - e r r o r  c a s e .  

F i g u r e  3 i s  a AV summary, c o m p a r i n g  t h e  AV r e q u i r e -  
m e n t s  f o r  t h i s  d e s c e n t  w i t h  t h o s e  i n  t h e  s t a n d a r d  AV b u d g e t  
( R e f e r e n c e  4). The  t o t a l  d e s c e n t  b u d g e t  f o r  t h e  l a t t e r  i s  7180 
f t / s e c .  B e c a u s e  of t h e  a r b i t r a r y  way i n  which  t h e  c o n d i t i o n s  
f o r  t h e  p o s t u l a t e d  d e s c e n t  were c h o s e n ,  i t  i s  p o s s i b l e  t h a t  t h e  
190 f t / s e c .  AV p e n a l t y  c o u l d  b e  l o w e r e d  b y  a j u d i c i o u s  c h o i c e  
o f  H i  Gate a l t i t u d e  and  f l i g h t  p a t h  a n g l e .  

LIMITATIONS 

T h i s  s t u d y  was p e r f o r m e d  w i t h o u t  c o n s i d e r i n g  many 
f a c t o r s  w h i c h  c o u l d  q u a l i f y  t h e  r e s u l t s .  Amoiig t h e s e  a re  d i g i t a l  
a u t o p i l o t  a c c u a r y ,  RCS u s a g e  t o  a c h i e v e  the c o n s t a n t  p i t c h  r a t e ,  
AV r e q u i r e d  to c o r r e c t  for r e s i d u a l  a l t i t u d e  a n d  v e l o c i t y  c r r o r s  
a t  L o  Gate, crew c a p a b i l i t y  t o  m o n i t o r  t h e  d e s c e n t  a n d  assess  t h e  
p e r f o r m a n c e ,  i n c r e a s e d  l a n d i n g  s i t e  d i m e n s i o n ,  a b o r t s  f r o m  t h e  
d e s c e n t ,  a n d  s a f e t y .  No es t imate  o f  t h e  c o m p u t e r  word c o u n t  
was made. 

SUMMARY 

A s i m p l e  open  l o o p  LM a e s c e n t  scheme was p o s t u l a t e d  
a n d  e x a m i n e d .  A t r a j e c t o r y  was d e s i g n e d  to f o l l o w  t h e  scheme;  
f i n a l  a p p r o a c h  a n d  l a n d i n g  p h a s e  c o n s t r a i n t s  c o u l d  b e  m e t ,  e v e n  
i f  30  a l t i t u d e  e r r o r s  a n d  1' f l i g h t  p a t h  a n g l e  e r r c r s  a t  H i  Gate 
were c o n s i d e r e d .  AV c o s t  above t h e  c u r r e n t  b u d g e t  c o u l d  b e  a b o u t  
l9O f t / s e c .  The  scheme would r e q u i r e  much i n c r e a s e d  crew a n d  
FTCC p a r t i c i p a t i o n .  Many f a c t o r s  w h i c h  m i g n t  q u a l i f y  t h e  r e -  
sults were n o t  c o n s i d e r e d .  

2 0 13-FH-wcs 

A t t a c h m e n t s  
F i g u r e s  
1, 2, ti 3 
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